The design and test of a frequency channel selection MEMS filter implemented on a commercial CMOS technology is presented. Mechanical coupling between two clamped-clamped beams is used to obtain 0.5% frequency bandwidth in a tunable 26 MHz bandpass filter with a very low bandpass distortion (less than 0.1 dB), which makes the filter suitable for wireless super-hetherodyne transceivers in communications standards such as GSM.
Introduction: Great efforts are being made nowadays to develop new MEMS-based signal processors capable of substituting non-integrable elements which are presently employed in wireless system applications [1] . Many studies have focused on developing high-order filters for enhanced frequency response based on electrical or mechanical coupling of several MEMS resonators [2] [3] [4] [5] [6] [7] . All of these examples use specific technologies for the fabrication of MEMS resonators. Taking into account the improvement in the cost and reliability of the MEMS fabrication if a standard CMOS technology is used, we have previously reported a CMOS-MEMS bandpass filter based on two clampedclamped beam resonators, the frequency responses of which are combined through a CMOS differential amplifier [8] . Following the same technological approach, in this Letter we present a new CMOS-MEMS filter based on the mechanical coupling of two MEMS resonators, in this way a new CMOS-MEMS filter with 120 kHz bandwidth and tunable central frequency can be presented.
Design and fabrication:
The structure proposed in this Letter is based on two clamped-clamped beam resonators, each one designed with a resonant frequency of 26 MHz ( f o ), mechanically coupled at a low velocity point. A novel U-shape spring has been chosen as the coupling element in order to set the frequency separation of both mechanical modes and therefore the bandwidth of the filter and to provide the necessary internal phase inversion. Finite elements analysis performed with the Coventor tool has shown the two close resonant lateral vibration modes, in which the two bridges move in-phase and out-of-phase as is seen in the upper-right inset in Fig. 1 . Fig. 1 shows a SEM image of the whole CMOS-MEMS structure, including the electrodes for the electrostatic excitation and capacitive readout. The design equation is shown in (1):
where k r(y) corresponds to the effective stiffness of the beam in a certain position ( y) with respect to the anchors [3] , B is the required bandwidth, k 12 is the normalised coupling coefficient for a given filter type and k c is the stiffness of the coupler [3] . The stiffness constant of the coupler is obtained once the geometry is analysed. As shown in the inset of Fig. 1 , the coupler is formed by two long arms, with length L 1 , and three shorter arms, with equal length, L 2 . The width of the coupler is W c , and the distance of the coupling point to the anchors is L 3 . The stiffness for this geometry is detailed in (2) [9] 
where E is the Young modulus of the resonator material and I corresponds to the moment of inertia for each segment of the coupler. The first step in the design process starts with the design of the resonator which will determine the centre frequency ( f o ) and the shape factor, as a function of the quality factor of each resonator. The polypoly capacitance module present in the commercial CMOS technology (AMS 0.35 mm) has been used to implement the filter. In particular, the polysilicon 1 layer has been used to design both the coupler and the moveable part of the brigdes while the polysilicon 2 is used to design the excitation and read-out drivers. The CMOS-MEMS resonator is a 13.2 mm-long and 500 nm-wide clamped-clamped beam, with a gap of 100 nm between the structure and the electrodes. Results: Fig. 2a shows the transmission coefficient, both magnitude and phase, of the filter measured with a probe station in air conditions and without any termination. The moveable structure is biased with different DC voltages, Vp, while a 2 dBm AC signal provided by a network analyser (E8357A from Agilent) is applied at the excitation electrode. It is seen how the spring softening due to the bias voltage allows a fine tuning of the centre frequency of the filter. The response depicted presents notches in both sides of the band as can be seen in the inset, enhancing the stop-band attenuation close to the frequency passband. This behaviour corresponds to the mechanical phase inversion mechanism that takes place [10] . The out-of-phase movement is present at lower frequencies than the in-phase mode, as can be seen in Fig. 2b , contributing to improve the stop-band ratio. The fabricated bandpass filter presents very low passband distortion (less than 0.1 dB) without using any specific resistive termination, a central frequency of 26.7 MHz and a bandwidth of 120 kHz (with a bias voltage of 18 Vdc). The low passband distortion achieved is better than the state-of-the-art filters reported [1, 2, 4, 5] . Unfortunately, the filter presents a very high insertion loss in the magnitude, which corresponds to the large motional resistance present in the CMOS-MEMS resonators compared with the input impedance of the test equipment. In this way we have computed the bandwidth at 0.5 dB. An active matching impedance using CMOS circuitry or an all integrated system will decrease these losses and enhance the stop-band rejection, as has been already demonstrated [8] , showing the capabilities of the presented approach. The shift between the measured bandwidth and centre frequency in respect of the expected value is attributed to the tolerances during fabrication. In fact, a change in the coupling point of around 100 nm over 1 mm generates a 40% variation in obtained bandwidth. Furthermore, the tolerance in the width of the resonator will modify the resonant frequency. Fig. 3 shows the expected quadratic dependence of the centre frequency with the bias voltage due to the spring softening effect, providing a frequency tunability factor of 13 ppm/V 2 . The dependence of the filter bandwidth against the squared bias voltage is also shown. From  Fig. 3 , a variation of the bandwidth, corresponding to a fractional bandwidth between 0.52 and 0.4%, with the applied bias voltage to the MEMS moveable part is observed. This variation is mainly due to the spring softening. Although an increase of bandwidth with the DC voltage would be expected, a minimum is obtained at 20 V. This behaviour is atributed to the difference between the effective stiffness of each resonator, produced by the tolerances in the fabrication process (10% for polysilicon structures) Conclusions: We present the design and fabrication approach to a fully integrated mechanically coupled bandpass filter fabricated in a CMOS commercial technology. The bandpass filter with a central frequency of 26.7 MHz and a very low bandpass distortion (less than 0.1 dB) offers a fine frequency tuning of 300 kHz for a bias voltage between 12 and 25 V in air conditions. The filter presents a small variation of the fractional frequency bandwidth between 0.4 to 0.52% with the applied bias voltage. The CMOS-MEMS fabrication process used (needing only a maskless wet etching post-process to release the resonators) has the potential to improve the electrical characteristics of the stand-alone MEMS filter, just adding specific circuitry such as an amplifier. In this way, the presented CMOS-MEMS RF filter opens new perspectives to obtain fully integrated systems for signal processing in communications applications. 
